Development of mid-infrared solid state lasers for spaceborne lidar by Kim, Kyong H. & Whitney, Donald A.
~ 
c 
National Aeronautics and 
Space Administration 
Langley @search Center 
Hampton, ?/irginia 23665 
Department of Thysics 
Hampton University 
Humpton, Virginia 23668 
Develbpment Qf Mid- Infrared 
Solidstate Lasers for 
Spaceborne Lidar 
c/ NAG-1-877 
T€KIOD CO%?E!hZD 'BY THIS KETOK5 October 13, 1988 - April 13,1989 
(NASA-CE-1850 12) D E V E L O P H E I T  O F  N 89-24599 
H I D - I N F R A R E D  S O L I D  STATX L A S E R S  FOR 
SPACEBOBNE L I D A R  Progress R e p o r t ,  1 3  Oct. 
1988 - 13 Apr. 1989 (Hampton I n s t . )  39 p Unclas 
CSCL 202 G3/36  0210982 
https://ntrs.nasa.gov/search.jsp?R=19890015228 2020-03-20T03:00:02+00:00Z
CONTENTS 
Page 
SUMMARY 
INTRODUCTION 
RESULTS OF FLASHLAMP-PUMPE:D H O ~ ~  : Tm3+ : Cr3+YAG 
LASER EXPERIMENT 
PULSE-FORMING-NETWORK FOR FLASHLAMP PUMPED Cr:GSAG LASER 4 
CONCLUSION 5 
REFERENCES 6 
LIST OF FIGURES 7 
APPENDIX 30 
SUMMARY 
This  semiannual  p r o g r e s s  r e p o r t  c o v e r s  work performed d u r i n g  
t he  p e r i o d  from October  13, 1 9 8 8  t o  A p r i l  13,  1989 under  NASA 
g r a n t  number NAG-1-877 e n t i t l e d  "Development o f  m i d - i n f r a r e d  s o l i d  
s t a t e  l a s e r s  f o r  spaceborne  l idar" .  During t h i s  p e r i o d  w e  have 
measured t h e  l a s e r  per formance  o f  a Ho3+ : Tm3+: C r 3 + :  YAG c r y s t a l  under 
f l a sh lamp  pumping a t  v a r i o u s  o p e r a t i n g  t e m p e r a t u r e s .  The normal- 
mode l a s e r  t h r e s h o l d s  o f  a Ho3+(0.45 a t .  % )  :Tm3+(2.5 a t .  % ) :  
C r 3 + ( 1 . 5  a t .  % ) : Y A G  c r y s t a l  w e r e  found t o  range  from 2 6  t o  50 J 
between 1 2 0  and 2 0 0  Kelv in  wi th  s l o p e  e f f i c i e n c i e s  up t o  0 . 3 6  % 
w i t h  a 60 % r e f l e c t i v e  o u t p u t  m i r r o r .  From t h e  Q-switched 
o p e r a t i o n s  a s l o p e  e f f i c i e n c y  co r re spond ing  t o  90 % of  t h e  normal- 
mode o p e r a t i o n  was obse rved .  Laser wavelengths  were measured f o r  
v a r i o u s  o p e r a t i n g  c o n d i t i o n s  and f l u o r e s c e n c e  s p e c t r a  w e r e  
o b t a i n e d  a t  v a r i o u s  t e m p e r a t u r e s  i n  o r d e r  t o  h e l p  unde r s t and  t h e  
dynamic ene rgy  p r o c e s s e s  among t h e  H03+, Tm3+ and C r 3 +  i o n s .  A p u l s e  
forming network f o r  a f l a sh lamp  pumped Cr:GSAG laser ,  which i s  t o  
be u s e d  as a h i g h  power laser  d iode  s i m u l a t o r  i n  rare e a r t h  l a s e r  
pumping, w a s  comple ted  and t e s t e d .  The network p rov ided  c r i t i c a l l y  
damped, 1 m s  FWHM, s q u a r e  p u l s e s  w i t h  a r i se  t i m e  of  about  1 6 0  ps 
a t  an i n p u t  e l e c t r i c a l  energy  of  300 J .  
INTRODUCTION 
A flashlamp-pumped laser sys tem c o o l e d  w i t h  n i t r o g e n - v a p o r  
and  m o d i f i e d  f o r  60 J e lec t r ica l  i n p u t  ene rgy  and  3 5 0  ps p u l s e  
wid th  (FWHM) d u r i n g  t h e  p r e v i o u s  six-month p e r i o d  h a s  been-  
employed f o r  laser  per formance  measurements of a H o 3 + : T m 3 + : C r 3 + : Y A G  
c r y s t a l .  The main conce rn  o f  t h i s  r e s e a r c h  w a s  f o c u s e d  on 
d e t e r m i n a t i o n  of optimum Tm3+ c o n c e n t r a t i o n  i n  H o 3 + : T m 3 + : C r 3 + : Y A G  
c r y s t a l s  f o r  e f f i c i e n t  Q-switched laser  o u t p u t  by s t u d y i n g  laser  
performance of t h e  Ho3+:Tm3+:Cr3-:YAG c r y s t a l s  w i t h  d i f f e r e n t  Tm3+ 
c o n c e n t r a t i o n s  a t  r e l a t i v e l y  f i x e d  H 0 3 +  and  C r 3 +  c o n c e n t r a t i o n s .  
Coherent  Laser Technology p rov ided  t h r e e  Ho3+  : Tm3+ : C r 3 + :  YAG c r y s t a l s  
w i t h  Tm3+ c o n c e n t r a t i o n s  of 2 . 5 ,  3 . 5  and 4.5 a t .  %, r e s p e c t i v e l y ,  
and w i t h  t h e  same 0 . 4 5  a t .  % H 0 3 +  and 1 . 5  a t .  % C r 3 +  c o n c e n t r a t i o n s ,  
During t h i s  r e s e a r c h  per iod  normal-mode and Q-switched laser 
per formance  and  f l u o r e s c e n c e  s p e c t r o s c o p y  of t h e  H03+  ( 0 . 4 5  a t .  % )  : 
Tm3+ ( 2 . 5  a t .  % ) : C r 3 +  (1.5 a t .  % ) : Y A G  c r y s t a l  w e r e  s t u d i e d  under  
v a r i o u s  o p e r a t i n g  c o n d i t i o n s .  Laser o u t p u t  ene rgy ,  s lope  
e f f i c i e n c y ,  ene rgy  t h r e s h o l d ,  (2-switched p u l s e  l e n g t h  and  laser  
wavelength  w e r e  de t e rmined  a s  a f u n c t i o n  of o p e r a t i n g  t e m p e r a t u r e ,  
o u t p u t  mir ror  r e f l e c t i v i t y ,  i n p u t  e l ec t r i ca l  e n e r g y  and Q-switch 
opening  t i m e .  F l u o r e s c e n c e  measurements were a l s o  performed a t  
v a r i o u s  wavelengths  and  t e m p e r a t u r e s  t o  u n d e r s t a n d  t h e  l i f e t i m e  of 
e x c i t e d  l eve l s  and p o s s i b l y  t o  o b t a i n  i n f o r m a t i o n  abou t  ene rgy  
t r a n s f e r  p r o c e s s e s  among t h e  m u l t i p l e  i o n s .  
W e  have a l s o  comple ted  a r d  t e s t e d  a p u l s e  forming  network of  
i n p u t  ene rgy  300 J and  p u l s e  wid ths  l o n g e r  t h a n  1 m s  FWHM f o r  a 
flashlamp-pumped Cr3+:GSAG laser .  T h i s  network w i l l  b e  u s e d  t o  
s i m u l a t e  a h i g h  power laser  diode i n  pumping m i d - i n f r a r e d  ra re  
e a r t h  l a s e r  c r y s t a l s  such  as  Tm3+, E r 3 +  and /o r  Ho3+-ion doped YAG, 
YLF o r  o t h e r  h o s t  mater ia l s .  T h i s  Cr3+:GSAG l a se r  w i l l  be u s e d  t o  
de te rmine  optimum c o n d i t i o n s  f o r  l a se r  d i o d e  pumped m i d - i n f r a r e d  
lasers ,  maximum e n e r g y  e x t r a c t i o n  l i m i t  w i t h  l o n g i t u d i n a l  pumping, 
t he rma l  damage l i m i t ,  and o t h e r  problems r e l a t e d  t o  h i g h  power 
l aser  d i o d e  pumping. 
One f u l l - t i m e  g r a d u a t e  s t u d e n t  and two unde rg radua te  s t u d e n t s  
w e r e  i n v o l v e d  i n  t h i s  p r o j e c t  t o  perform and t o  assist  t h e  
r e s e a r c h  a c t i v i t y .  
RESULTS OF THE FLASHLAMP-PUMPED 
H03+: Tm3+ : C r 3 +  : YAG LASER EXPERIMENT 
P a r t  o f  t h e  Normal-mode and Q-switched l a s e r  r e s u l t s  
o b t a i n e d  from t h e  f lashlamp-pumped Ho3+ : Tm3+ : C r 3 +  : YAG laser 
exper iment  w a s  p r e s e n t e d  a t  t h e  NASA HBCU Forum h e l d  March 22-23, 
1989 a t  H u n t s v i l l e ,  Alabama and i s  a t t a c h e d  i n  t h e  Appendix.  
F i g . 1  shows t h e  e x p e r i m e n t a l  s e t u p  used t o  measure t h e  laser 
i n t e n s i t y  a t  v a r i o u s  wavelengths  f o r  t h e  Ho3+:Tm3+:Cr3+:YAG l a s e r .  
These measurements a r e  shown i n  F i g s . 2  th rough  5 .  F i g . 2  shows t h a t  
l a s e r  wavelengths  are  obse rved  a t  2.098 and 2 . 0 9 1  pm d u r i n g  normal- 
mode o p e r a t i o n  wi th  a Ho3+(0.45 a t .  % )  : T m 3 + ( 2 . 5  a t .  % )  :Cr3+(1 .5  a t .  
% )  :YAG c r y s t a l ,  a 60 J i n p u t  e l ec t r i ca l  energy  and a 60 % 
r e f l e c t i v e  o u t p u t  m i r r o r  a t  v a r i o u s  o p e r a t i n g  t e m p e r a t u r e s .  The 
2 .098  pm l i n e  w a s  a s s i g n e d  t o  t h e  t r a n s i t i o n  from t h e  lowes t  
man i fo ld  of t h e  upper  517 s t a t e  a t  ~ 5 2 3 0  cm-1 t o  t h e  man i fo ld  of t h e  
ground 518 s t a t e  a t  4 6 2  cm-1. ERefs.1 and 21 No s i g n i f i c a n t  change 
of  t h e  laser  wavelengths  w a s  observed  a s  t h e  o p e r a t i n g  t e m p e r a t u r e  
w a s  changed from 130 K t o  1 7 0  K and t h e  i n p u t  ene rgy  w a s  changed 
from 4 5  J to 6 0  J as shown in F . i g s . 2  and  3 .  
F i g . 4  shows t h e  comparison of  laser  wavelengths  obse rved  i n  a 
normal-mode o p e r a t i o n  wi th  t h a t  i n  a Q-switched o p e r a t i o n .  An 
o u t p u t  m i r r o r  o f  60 % r e f l e c t i v i t y ,  i n p u t  e l e c t r i c a l  ene rgy  o f  
45 J and o p e r a t i n g  t e m p e r a t u r e  of 150 K were used f o r  t h i s  
measurement.  The LiNb03 Q-switch c r y s t a l  and a ZnSe p l a t e  set  a t  
B r e w s t e r ' s  a n g l e  w e r e  also i n  p l a c e  d u r i n g  t h e  normal-mode 
o p e r a t i o n ,  No s i g n i f i c a n t  change of t h e  l a s e r  wavelengths  w a s  ob- 
s e r v e d  d u r i n g  e i t h e r  o p e r a t i n g  mode. F i g . 5  shows t h a t  t h e  2 . 0 9 1  pm 
l a s e r  l i n e  d i s a p p e a r e d  when t h e  o u t p u t  m i r r o r  r e f l e c t i v i t y  was 
changed from 60 % t o  98 % .  
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F l u o r e s c e n c e  of  t h e  Ho3+  :TIT+: C r 3 + :  YAG c r y s t a l  was measured a t  
v a r i o u s  t e m p e r a t u r e s  and i n p u t  e n e r g i e s  w i t h  t h e  s e t u p  drawn i n  
F i g . 6 .  F i g s . 7  t h r o u g h  1 0  show t h e  change of  t h e  2 . 1  pm 
f l u o r e s c e n c e  r isetime, decay t i m e ,  peak i n t e n s i t y  and  peak 
p o s i t i o n  as a f u n c t i o n  o f  t e m p e r a t u r e .  The r isetime and decay  t i m e  
were t a k e n  by r e a d i n g  t h e  t i m e  between t h e  1 0  % and 90 % peak 
v a l u e  p o i n t s .  The change of t h e  risetime of t h e  2 . 1  pm 
f l u o r e s c e n c e  w i t h  t e m p e r a t u r e  i n c l u d e s  t h e  t h e r m a l  dependence of 
uppe r  s t a t e  l i f e t i m e  and t h e  ene rgy  t r a n s f e r  ra te  f r o m  C r 3 +  t o  Tm3+ 
i o n s  and from Tm3+ t o  H 0 3 +  i o n s  a s  w e l l  as t h e  t h e r m a l  p o p u l a t i o n  of  
t h e  upper  ground s t a t e  man i fo lds .  
The measured 1 . 9  and  1 . 7  pm f l u o r e s c e n c e  p a t t e r n s  of t h e  
Ho’+:Tm3+:Cr3+:YAG c r y s t a l  a r e  shown i n  F i g s . 1 1  t h r o u g h  1 6 .  A s  t h e  
o p e r a t i n g  t e m p e r a t u r e  i n c r e a s e s ,  t h e  2 . 1  pm f l u o r e s c e n c e  peak 
i n t e n s i t y  decreases and t h e  1 . 9  pm and 1 . 7  pm f l u o r e s c e n c e  peak  
i n t e n s i t i e s  i n c r e a s e .  T h i s  agrees w i t h  t h e  s p e c t r a l  measurement of 
a Ho3+:Tm3+:YAG c r y s t a l  done by Armagan [ R e f . 3 ] .  The 2 . 1  pm 
f l u o r e s c e n c e  peak o r i g i n a t i n g  from t h e  Ho3+-ions g r a d u a l l y  s h i f t s  
t o  1 . 9  pm and  combines wi th  t h e  1 . 9  pm f l u o r e s c e n c e  o f  t h e  Tmj+ 
i o n s .  A s  t h e  t e m p e r a t u r e  i n c r e a s e s ,  t h e  1 . 9  pm f l u o r e s c e n c e  
o r i g i n a t i n g  f r o m  t h e  Tm3+ i o n s  becomes weak and s h i f t s  t o  1 . 7  p m .  
I t  w a s  shown t h a t  t h e  1 . 7  pm f l u o r e s c e n c e  d i d  n o t  appear a t  l o w  
t e m p e r a t u r e s  b u t  became s t r o n g e r  a s  t h e  t e m p e r a t u r e  i n c r e a s e d .  A 
t h e o r e t i c a l  model ing t o  e x p l a i n  these phenomena and t o  r e l a t e  t h e m  
w i t h  l aser  per formance  i s  under  i n v e s t i g a t i o n  a t  t h e  p r e s e n t  t i m e .  
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I I 
PULSE-FORMING-NETWORK FOR FLASHLAMP PUMPED Cr:GSAG LASER 
During t h i s  r e p o r t  p e r i o d  we have comple ted  and tested a 
pulse-forming-network f o r  a f l a sh lamp  pumped Cr:GSAG laser system 
which i s  t o  u s e d  t o  s i m u l a t e  a h igh  power laser  diode i n  pumping 
r a r e  e a r t h  i o n  ( s u c h  as Tm3f and Ho3+) doped c r y s t a l s  and t o  s t u d y  
v a r i o u s  problems i n v o l v e d  wi th  h i g h  power l a s e r  d i o d e  pumping. 
S i n c e  t h e  l i f e t i m e  of  t h e  upper l a s e r  l e v e l  i s  r e l a t i v e l y  long ,  
approx ima te ly  8 m s  a t  room t empera tu re ,  a l o n g  pump p u l s e  i s  
expec ted  t o  a c h i e v e  a h igh  e f f i c i e n c y .  Based on t h e  d e s i g n  
pa rame te r s  c a l c u l a t e d  d u r i n g  t h e  p r e v i o u s  r e s e a r c h  p e r i o d ,  a p u l s e -  
forming-network o f  i n p u t  energy  300 J and p u l s e  wid th  o f  l o n g e r  
t h a n  1 m s  FWHM was comple ted .  The t y p i c a l  f l a s h l a m p  p u l s e  s i g n a l  
was ana lyzed  and  t h e  r e s u l t s  are shown i n  F i g s . 1 7  th rough  1 9 .  
F i g . 1 7  shows t h e  t o t a l  o p t i c a l  s i g n a l  obse rved  from a 3" arc  
l e n g t h  and 4 mm b o r e  d i a m e t e r  f l a sh lamp  a t  e l ec t r i ca l  i n p u t  energy  
300 J i n  a 3 LC s e c t i o n  p u l s e  forming network w i t h  s e c t i o n a l  
c a p a c i t a n c e  and  i n d u c t a n c e  of 1.50 pF and 185 pH, r e s p e c t i v e l y .  
F i g s .  18 and  1 9  show t h e  f l a sh lamp  l i g h t  obse rved  a t  2 9 6  nm 
and 450 nm, r e s p e c t i v e l y ,  f o r  an e l e c t r i c a l  i n p u t  ene rgy  of  300  J .  
F i g . 2 0  shows t h e  i n c r e a s e  o f  t h e  f l a sh lamp  l i g h t  a t  450 n m  a s  a 
f u n c t i o n  of  e l e c t r i c a l  i n p u t  energy  measured w i t h i n  a l i n e a r  
region of t h e  d e t e c t o r .  
F i g . 2 1  shows t h e  amount of c u t - o f f  of UV l i g h t  by a uranium 
doped q u a r t z  f low t u b e  compared t o  a p u r e  q u a r t z  g l a s s  t u b e .  S i n c e  
t h e  uranium doped flow t u b e  t r < m s m i t s  450 nm l i g h t ,  t h e  c u t - o f f  o f  
296 nm l i g h t  compared t o  t h e  450 nm l i g h t  w a s  found f o r  t h e  two 
k i n d s  of f low t u b e s .  Improved cu t -o f f  of  UV l i g h t  w a s  obse rved  as 
shown i n  F i g . 2 1 .  UV l i g h t  i s  known t o  be d e t r i m e n t a l  f o r  t h e  
C r : G S A G  l aser  because  of  p o s s i b l e  c o l o r  c e n t e r  e f f e c t s  and o t h e r  
UV induced o p t i c a l  l o s s e s .  
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CONCLUSION 
We have measured 2.1 pm laser performance of a Ho3+(0.45 at. 
3 )  :Tm3+(2.5 at. % )  :Cr3+(1.5 at. % )  :YAG crystal under flashlamp 
pumping at various operating temperatures. Both normal-mode and Q- 
switched performance were investigated. Laser wavelength and 
fluorescence measurement were also performed for the crystals. 
During the following research period similar measurements will be 
performed for two more crystals with different Tm3+ concentrations 
provided by Coherent Laser Technology to determine an optimum Tm3+ 
concentration in the Ho:Tm:Cr:YAG crystal. In addition, a 
theoretical modeling to explain the observed data will be made. 
During the past six-month research period a pulse-forming- 
network for Cr:GSAG laser has been completed and tested. A nearly 
square shape pulse with pulse length of =1 ms was observed with a 
3" arc length and 4 mm bore diameter flashlamp at an electrical 
input energy of 300 J. An UV filtering effect by an uranium doped 
flow tube was also measured. During the next research period 
further filtering of UV light will be performed, and a flashlamp 
pumped Cr:GSAG laser system will be completed and tested for rare 
earth laser pumping. 
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fluorescence pulses as a function of operating 
temperature at various input energies. 
1.7 p fluorescence r;setime and peak intensity of a 
O.45Ho:2.5Tm:1.5Cr:YAG crystal as a function of 
temperature. (Input electrical energy = 60 J) 
1.7 p fluorescence peak position and risetime of a 
0.45Ho:2.5Tm:1.5Cr:YAG crystal as a function of 
temperature at an input electrical energy of 60 J. 
Total optical flashlamp light measured with a silicon 
photodiode. A 300 J input energy was used in a 3 LC 
section PFN designed to have critically damping for 
that energy and 1 ms pulse width with sectional 
capacitance and inductance of 150 pF and 185 pH, 
respectively. 
Flashlamp light signal taken with a 296.3 nm narrow 
band filter a a input energy of 300 J. 
Flashlamp light signal taken with a 450 nm narrow band 
filter atQinput energy of 300 J. 
Flashlamp light at 450 nm as a function of electrical 
input energy. 
Ratio of flashlamp light intensity at 296 nm to that at 
450 nm is shown as a function of electrical input 
energy to compare a uranium doped flow tube to a quartz 
flow tube for W cut-off effect. 
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Ap p e n d i x 
(Paper Presented at NASA-HBCU Forum, March 22-23, 1989) 
Development of Flashlamp-Pumped Q-switched Ho:Tm:Cr:YAG 
Lasers for Mid-Infrared Lidar Application 
Young S .  Choi ,aKyong H .  K i m , a  Donald A. Whitney,a Robert V .  H e s s , b  
Norman P .  Barnes ,b  C lay ton  H .  B a i r , b  and P h i l i p  Brockmanb 
aDepartment of P h y s i c s ,  Hampton U n i v e r s i t y ,  Hampton, V i r g i n i a  2 3 6 6 8  
and 
=NASA Langley Research C e n t e r ,  Hampton, V i r g i n i a  23665 
ABSTRACT 
A f l a s h l a m p  pumped 2 . 1  pm Ho:Tm:Cr:YAG l a se r  h a s  been s t u d i e d  
f o r  b o t h  normal mode and  Q-swi t ched  o p e r a t i o n s  unde r  v a r i o u s  
o p e r a t i n g  c o n d i t i o n s .  Laser o u t p u t  energy ,  s lope e f f i c i e n c y ,  
t h r e s h o l d s  and p u l s e  shape w e r e  de te rmined  a s  a f u n c t i o n  of 
o p e r a t i n g  t e m p e r a t u r e ,  o u t p u t  m i r r o r  r e f l e c t i v i t y ,  i n p u t  
e l e c t r i c a l  ene rgy  and Q-swi tch  opening  t i m e .  The measured normal- 
mode l a s e r  t h r e s h o l d s  of a Ho3+(0.45 atomic % )  :Tm3+(2.5 a t .  
2 ) : C r 3 * ( 0 . 8  a t .  %):YAG c r y s t a l  ranged  f r o m  2 6  t o  50 J between 1 2 0  
t o  200 Ke lv in  d e g r e e  w i t h  slope e f f i c i e n c i e s  up t o  0 . 3 6  % w i t h  a 
60 % t r a n s m i s s i o n .  From t h e  Q-switched o p e r a t i o n s  t h e  s l o p e  
e f f i c i e n c y  c o r r e s p o n d i n g  t o  90  % of  t h e  normal-mode o p e r a t i o n  was 
also o b s e r v e d .  
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INTRODUCTION 
Development o f  s o l i d  s t a t e  lasers w i t h  H03+ ,  Tm3+ a n d ( o r )  Er3+-  
i o n  doped c r y s t a l s  have been pu r sued  by NASA f o r  e y e - s a f e  and  m i d -  
i n f r a r e d  LIDAR ( l i g h t  d e t e c t i o n  and r a n g i n g )  a p p l i c a t i o n .  A s  a 
p a r t  of t h e  p r o j e c t  w e  have been working on e v a l u a t i o n  of 
H o 3 +  : Tm3+ : C r 3 +  : YAG c r y s t a l s  f o r  normal-mode and Q-switched 2 . 1  pm 
laser  o p e r a t i o n s  under  f l a sh lamp  pumping i n  o r d e r  t o  d e t e r m i n e  an  
optimum Tm3+-ion c o n c e n t r a t i o n  i n  t h e  c r y s t a l .  
L a s i n g  p rope r t i e s  o f  t h e  H 0 3 +  i o n  i n  t h e  m i d - i n f r a r e d  r e g i o n  
have  been s t u d i e d  by many r e s e a r c h  groups  s i n c e  e a r l y  196O1s.1-5 
However, t h e  t e c h n o l o g y  of t h o s e  lasers i s  s t i l l  p rema tu re  f o r  t h e  
l i d a r  a p p l i c a t i o n .  I n  order t o  overcome t h e  i n e f f i c i e n c y  r e l a t e d  
t o  narrow a b s o r p t i o n  bands o f  t h e  H 0 3 + ,  Tm3+ and  Er3+-ions,  t h e  
improvement of flashlamp-pumped H o 3 +  laser e f f i c i e n c y  h a s  been  
d e m o n s t r a t e d  r e c e n t l y  by severa.1 r e s e a r c h  groups6.7 by u t i l i z i n g  
t h e  broad a b s o r p t i o n  spec t rum of Cr3+-ions o v e r  t h e  f l a s h l a m p ' s  
e m i s s i o n  spec t rum and e f f i c i e n t  ene rgy  t r a n s f e r  t o  t h e  Tm3f and 
t h e n  t o  Ho3+-ions. I n  t h e  Tm3+ and H037 combina t ion  it i s  known t h a t  
h i g h  Tm3+concentrat ion and low H 0 3 +  c o n c e n t r a t i o n  are p r e f e r r e d  t o  
a c h i e v e  a quantum e f f i c i e n c y  of 2 and t o  avoid large r e a b s o r p t i o n  
losses .6  H o w e v e r ,  i n  t h e  H 0 3 + ,  Tm3+ and C r 3 +  combina t ion ,  
d e t e r m i n a t i o n  of t h e  optimum Tm3+ c o n c e n t r a t i o n  i n  t h e  H o : T m : C r : Y A G  
c r y s t a l  i s  r e q u i r e d  t o  e n s u r e  e f f i c i e n t  ene rgy  t r a n s f e r  f r o m  C r 3 +  
t o  Tm3+ and  f r o m  Tm3+ t o  H 0 3 + .  T h i s  pape r  w i l l  p r e s e n t  t h e  r e s u l t  
o b t a i n e d  so  f a r  w i t h  one o u t  of t h e  t h r e e  H o : T m : C r : Y A G  c r y s t a l s  
w i t h  3 d i f f e r e n t  Tm3f c o n c e n t r a t i o n s  ( 2 . 5 ,  3 . 5  and  4 . 5  a t .  % )  a t  
r e l a t i v e l y  f i x e d  C r 3 +  ( 1 . 5  a t .  9 )  and H 0 3 +  ( 0 . 4 5  a t .  % )  
c o n c e n t r a t i o n s  
QUANTUM PROCESSES i n  H03+, Tm3+ and C r 3 + - I O N S  
T h e  e n e r g y  levels o f  t h e  C r 3 + ,  Tm3+ and Ho3+-ions and  t h e  
e n e r g y  t r a n s f e r  mechanisms among those i o n s  i n  a YAG c r y s t a l  a r e  
i l l u s t r a t e d  i n  F i g . 1 .  The u s e  of C r 3 f  f o r  f l a sh lamp  pumping i s  
b a s e d  on i t s  b r o a d  a b s o r p t i o n  spec t rum p r o v i d e d  by t h e  t r a n s i t i o n s  
f r o m  t h e  ground <A2 s t a t e  t o  t h e  upper  "1 and GT2 s t a t e s  and  t h e  
n e a r  r e s o n a n t  e f f i c i e n t  ene rgy  t r a n s f e r  t o  t h e  ;Ho s t a t e  o f  t h e  Tm3+- 
i o n s .  F i g . 2  shows t h e  a b s o r p t i o n  spec t rum o f  t h e  Ho3+(0.45 atomic 
% )  :Tm3+(2.5 a t .  % )  : C r 3 + ( l . 5  a t .  % ? )  :YAG c r y s t a l .  The chromium 
c o n c e n t r a t i o n  of 1 . 5  a tomic % s t a t e d  by vendor  t u r n s  o u t  t o  b e  0 . 8  
a t o m i c  % f r o m  t h e  a b s o r p t i o n  measurement.  The  t w o  b road  bands 
c o r r e s p o n d  t o  t h e  chromium a b s o r p t i o n  and o t h e r  s h a r p  peaks  
c o r r e s p o n d  t o  t h e  a b s o r p t i o n  by t h e  holmium and t h u l i u m  i o n s .  
Armagan, e t  a l ' s  work (Ref .8 )  showed t h a t  t h e  ene rgy  t r a n s f e r  
p r o c e s s e s  i s  more e f f e c t i v e  ir. c r y s t a l s  w i t h  l o w  C r 3 -  and h i g h  Tmj-  
c o n c e n t r a t i o n s .  
Fo r  h i g h  Tm c o n c e n t r a t i o n s ,  t h e  t r a n s i t i o n  from t h e  3 H Z  s t a t e  
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t o  the  3F4 s t a t e  induces the  cross  re laxa t ion  process which 
provides two 3F4 Tm ions from a s ing le  Tm ion i n  t h e  3H4 l e v e l .  A s  
a r e s u l t ,  t h e  quantum ef f ic iency  approaches t o  two and quantum 
energy i s  lowered down t o  the  inf ra red  region.  Then, t h e  near 
resonant energy t r a n s f e r  process from the  3Fn Tm s t a t e  t o  t h e  5 1 ,  H o  
s t a t e  provides t h e  enhancement of t h e  pumping mechanisms of t h e  Ho- 
ions .  Lasing processes i n  the  Ho3+-ions can be enhanced by codoping 
the  C r 3 -  and Tm3+-ions i n  the  l a s e r  c r y s t a l  through a double s t e p  
energy t r a n s f e r  process Cr->Tm and Tm->Ho and cross  re laxa t ion  Tm- 
>Tm. I n  order  t o  operate the 2 .1  pm Ho l a s e r  a t  room temperature, 
t he  H 0 3 +  concentrat ion m u s t  be low. The increase of t h e  H03+  
concentration increases  the  gro-md s t a t e  population of S I 8  of Ho 
l e v e l  and causes high resonant reabsorption losses  f o r  t he  5 1 7 ( H 0 ) -  
sIg(Ho) l a s e r  t r a n s i t i o n .  However, a s  t h e  temperature goes down, 
the  upper manifolds of the  lower l a s e r  l eve l  ( 5 1 8 )  of t he  Ho3+-ion 
becomes thermally unpopulated and the  e f f i c i ency  of t he  l a s e r  
performance increases .  Since the  upper s t a t e  l i f e t ime  of t h e  H O ~ + -  
i o n  i s  longer than 4 m s  even a t  room temperature and provides an 
e f f i c i e n t  s torage  time fo r  the Q-switch operation, a high Ho ion 
concentrat ions may be e f f ec t ive  f o r  a high Q-switched l a s e r  
output .  
EXPERIMENTAL METHODS 
The experimental configuration used i n  t h i s  research i s  shown 
i n  Fig.3.  The temperature of the l a s e r  rod was var ied  from 1 2 0  K 
t o  room temperature by c i r cu la t ing  l i q u i d  ni t rogen vapor around 
t h e  rod and t h e  flashlamp was cooled by c i r c u l a t i n g  deionized 
water. The flashlamp and l a s e r  rod were placed i n  a pumping cavi ty  
of a shape of c y l i n d r i c a l  e l l i p s e  w i t h  major and minor axes of 
152.4 mm and 1 4 9 . 1  mm respect ively and with a 7 6 . 2  mm long 
aluminum r e f l e c t o r .  The de t a i l ed  cavi ty  design was reported 
elsewhere.9 I n  order t o  achieve thermal insu la t ion ,  t he  e n t i r e  
pumping cav i ty  was placed i n  a n  vacuum system. Good thermal 
i s o l a t i o n  was necessary s ince the cooling capaci ty  of l i q u i d  
ni t rogen vapor was l imi ted .  A 450  t o r r  Xe flashlamp w i t h  4 mm bore 
diameter and 7 6 . 2  mm a r c  length was used and surrounded by a 
uranium doped flow tube water jacket t o  reduce poss ib le  
s o l a r i z a t i o n  e f f e c t .  The s i z e  of t he  Ho:Tm:Cr:YAG l a s e r  rod used 
was 4 mm i n  diameter and 55  mm i n  length.  
t he  pulse forming network (PFN)  f o r  t h e  flashlamp was designed f o r  
long pulse  opera t ions .  With a 1 4 6 . 5  pF capac i tor  and a 184  pH 
inductor c r i t i c a l l y  damped pulses of 300 ps FWHM pulse  length were 
obtained a t  t h e  input voltage of 905 v o l t s  which corresponds t o  
the e l e c t r i c a l  i n p u t  energy of 60  J .  The h i g h l y  r e f l e c t i v e  mirror 
a t  2 . 1  pm w i t h  a 1 0  m radius curvature i s  a t tached t o  t h e  one end 
of t he  vacuum box a s  a window, and an a n t i r e f l e c t i o n  coated quartz  
Since t h e  Ho:Tm:Cr:YAG has a long upper l a s e r  l e v e l  l i f e t i m e ,  
f l a t  w a s  p l a c e d  on t h e  o t h e r  s ide of  t h e  vacuum box. F l a t  m i r r o r s  
w i t h  v a r i o u s  r e f l e c t i v i t i e s  were used  as o u t p u t  c o u p l e r s .  T h e  
t o t a l  r e s o n a t o r  l e n g t h  w a s  88 c m .  I n  Q-switched o p e r a t i o n s  a 
l i t h i u m  n i o b a t e  c r y s t a l (  L i N b 0 3  ) of  d imens ions  o f  9 mm x 9 mm x 25 
mm was u s e d  a s  a Q-swi tch  a l o n g  w i t h  a ZnSe p l a t e  p o l a r i z e r  o f  
2 . 1 7  mm t h i c k n e s s .  T h e  ho ld -o f f  v o l t a g e  f o r  t h e  Q-swi tch  c r y s t a l  
w a s  1 . 6 2  kV a n d  t h e  Q-swi tch  t r i g g e r  s i g n a l  w a s  d e l a y e d  from 0 t o  
several  m s  w i t h  r e s p e c t  t o  t h e  t r i g g e r  f o r  t h e  f l a s h l a m p .  
p y r o e l e c t i c  e n e r g y  m e t e r  and  w i t h  a l i q u i d  N2 c o o l e d  HgCdTe 
d e t e c t o r ,  r e s p e c t i v e l y .  
The l aser  o u t p u t  ene rgy  and  p u l s e  shape  w e r e  measured w i t h  a 
RESULTS 
F i g . 4  shows t h e  normal-mode laser o u t p u t  e n e r g i e s  o f  t h e  
Ho(0.45 % )  :Tm(2.5 % )  : C r ( 0 . 8  % )  :YAG c r y s t a l  measured as a f u n c t i o n  
o f  t h e  e lec t r ica l  e n e r g y  s t o r e d  i n  c a p a c i t o r  w i t h  v a r i o u s  o u t p u t  
m i r r o r  re f lec t iv i t ies  a t  t h e  o p e r a t i n g  t e m p e r a t u r e  o f  150 K .  A s  
e x p e c t e d ,  t h e  s l o p e  e f f i c i e n c y  and t h r e s h o l d  e n e r g y  i n c r e a s e  w i t h  
t h e  d e c r e a s i n g  m i r r o r  r e f l e c t i v i t y .  The measured  normal-mode laser 
o u t p u t  e n e r g i e s  as a f u n c t i o n  o f  o p e r a t i n g  t e m p e r a t u r e  a t  v a r i o u s  
e l ec t r i ca l  i n p u t  e n e r g i e s  w i t h  a 60 % r e f l e c t i v i t y  m i r r o r  i s  shown 
i n  Fig.5.  The decrease o f  t h e  laser o u t p u t  e n e r g y  w i t h  t h e  
i n c r e a s i n g  t e m p e r a t u r e  c l e a r l y  i n d i c a t e s  t h e  e f f e c t  due  t o  t h e r m a l  
p o p u l a t i o n  i n  t h e  lower  laser leve l .  F i g s .  6 a n d  7 show t h e  
dependency o f  t h e  laser  t h r e s h o l d  and  s l o p e  e f f i c i e n c y  
r e s p e c t i v e l y  on t h e  o p e r a t i n g  t e m p e r a t u r e  a t  v a r i o u s  m i r r o r  
r e f l ec t iv i t i e s .  The h i g h e s t  s l o p e  e f f i c i e n c y  o f  0 .36 % w a s  
o b t a i n e d  w i t h  a 60 % m i r r o r  a t  120 K and  t h e  l o w e s t  e x t r a p o l a t e d  
t h r e s h o l d  e lec t r ica l  i n p u t  ene rgy  o f  14.8 J w a s  a c h i e v e d  a t  1 2 0  K 
w i t h  a 98 % m i r r o r .  The low s l o p e  e f f i c i e n c y  may be a t t r i b u t e d  t o  
t h e  r e l a t i v e l y  small  c r y s t a l  diameter compared t o  t h e  mode 
diameter o f  a b o u t  2 . 8  mm and  poor  o p t i c a l  c o u p l i n g  between t h e  
f l a s h l a m p  and  t h e  l aser  r o d  due t o  t h e i r  d i f f e r e n t  l e n g t h  and  low 
cav i ty  r e f l e c t i v i t y  w h i c h  w a s  less t h a n  80 % a t  633 nm. 
T h e  measured Q-swi tched  and  normal-mode laser  o u t p u t s  a re  
p l o t t e d  i n  F i g . 8  as a f u n c t i o n  o f  t h e  e lectr ical  i n p u t  ene rgy  
s t o r e d  i n  c a p a c i t o r  a t  v a r i o u s  t e m p e r a t u r e s .  The o u t p u t  m i r r o r  
u s e d  i n  t h i s  c o m p a r a t i v e  measurement had a 60 % r e f l e c t i v i t y  and 
t h e  normal-mode o p e r a t i o n  w a s  done w i t h  t h e  Q-switch c r y s t a l  and  
ZnSe p o l a r i z e r  i n  t h e  r e s o n a t o r .  The Q-swi tched  laser o u t p u t  and  
s l o p e  e f f i c i e n c y  are lower  and  t h r e s h o l d  i s  h i g h e r  t h a n  t h o s e  o f  
normal  mode o p e r a t i o n .  The obse rved  s l o p e  e f f i c i e n c i e s  a re  0.123 % 
f o r  normal-mode a n d  0 . 1 1 1  % f o r  Q-swi tched  o p e r a t i o n  a t  t h e  
o p e r a t i n g  t e m p e r a t u r e  o f  1 3 0  K .  The Q-swi tched  s l o p e  e f f i c i e n c y  o f  
t h e  Ho:Tm:Cr:YAG c r y s t a l  c o r r e s p o n d s  a p p r o x i m a t e l y  90 % of  t h e  
normal-mode s l o p e  e f f i c i e n c y .  The measured wave leng th  o f  t h e  
Ho:Tm:Cr:YAG laser  w i t h  a s p e c t r o m e t e r  w a s  a b o u t  2 .095  jlm.  
CONCLUSION 
A Ho:Tm:Cr:YAG laser  w i t h  i o n  c o n c e n t r a t i o n s  o f  0 . 4 5  a t .  % Ho, 
2 . 5  a t .  % Tm a n d  0 . 8  a t .  % C r  h a s  been s t u d i e d  f o r  b o t h  normal  
mode and  Q-swi tched  2 . 1  pm laser  o p e r a t i o n  unde r  f l a s h l a m p  pumping 
a t  v a r i o u s  o p e r a t i n g  t e m p e r a t u r e s ,  v a r i o u s  o u t p u t  m i r r o r  
r e f l e c t i v i t i e s ,  and  v a r i o u s  i n p u t  e n e r g i e s .  Con t inuous  work on t h e  
e v a l u a t i o n  o f  t h e  o t h e r  two c r y s t a l s  w i t h  d i f f e r e n t  Tm3+-ion 
c o n c e n t r a t i o n s  i s  unde r  p r o g r e s s  and w i l l  p r o v i d e  an  optimum Tm 
c o n c e n t r a t i o n  i n  t h e  Ho:Tm:Cr:YAG c r y s t a l .  
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F i g . 1  E n e r g y  t r a n s f e r  processes 
i n  a H o : T m : C r : Y A G  c r y s t a l .  
" M 
m 
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F i g . 3  S c h e m a t i c  diagram f o r  the 
e x p e r i m e n t a l  s e t u p .  
F i y . 2  A b s o r p t i o n  s p e c t r u m  of 
t h e  Ho:Tm:Cr:YAG c r y s t a l  
( 0 . 4 5 %  H o ,  2 . 5 %  Tm, 0 . 8 %  
C r )  . 
7 
G O  70 
ELECTRICAL INPUT ENERGY (J) 
F i g .  4 Normal-mode l a s e r  o u t p u t  
e n e r g y  o f  t h e  Ho:Tm:Cr:  
YAG c r y s t a l  as a f u n c -  
t i o n  of e l e c t r i c a l  i n p u t  
e n e r g y  a t  150  K .  
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Fig.5 Normal-mode l a s e r  output :  F i g . 6  T h r e s h o l d  i n p u t  e l e c t r i -  
e n e r g y  as  a f u n c t i o n  o f  t h e  c a l  e n e r g y  a s  a f u n c t i o n  
o p e r a t i n g  t e m p e r a t u r e  w i t h  
a 60 3 r e f l e c t i v i t y  o u t p u t  t u r e  w i t h  v a r i o u s  o u t p u t  
m i r r o r .  mir ror  r e f l e c t i v i t i e s .  
of  t h e  o p e r a t i n g  tempera- 
: 0.2 
W 4 . . .  . 
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TEMPERATURE (K) 2 0  30  ELECTRICAL 4 0 INPUT ENERGY 50 (J) 60 70 
F i g . 7  S l o p e  e f f i c i e n c y  as  a f u n c -  F i g . 8  Normal-mode a n d  Q - s w i t c h e d  
t i o n  of t e m p e r a t u , r e  w i t h  l aser  o u t p u t  e n e r g i e s  as a 
v a r i o u s  mi r ro r  r e f l e c t i v i t i e s .  f u n c t i o n  of t h e  i n p u t  
e n e r g y  w i t h  a 60 %- ref lec-  
t i v e  m i r r o r .  
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